ABSTRACT The origin of plasmid DNA transfer, oriT, has been localized on RK2, a conjugative drug-resistance plasmid of the IncP group with a very broad host range in gram-negative bacteria. The transfer origin is contained in a 760-base-pair Hae II restriction fragment that maps in the same region as the singlestrand nick made by the RK2 relaxation complex. The functional oriT was subcloned as a 112-base-pair Hpa II fragment, and the DNA sequence of this region was determined. The dominant structural feature of the oriT sequence is a 19-base-pair inverted repeat, with 15 of the 19 bases able to form pairs in a hairpin structure. This inverted repeat may be the recognition site for the relaxation complex proteins, which nick the plasmid DNA molecule and initiate the transfer process.
The transfer of plasmid DNA during bacterial conjugation begins at a specific site on the plasmid DNA molecule: the origin of transfer, oriT. The transfer origin was initially defined genetically as a site required in cis for plasmid transfer during mating (1, 2) . Studies with the F plasmid of Escherichia coli have shown that a specific single strand of the DNA molecule is transferred with a leading 5' end (3, 4) . DNA transfer is initiated by a strandand site-specific nick at oriT. The oriT of the F plasmid has been mapped near the start of the F transfer operon, within a 385-base-pair (bp) DNA fragment, and an oriT-specific nicking activity is encoded by the traY and traZ gene products (5, 6) . The discovery of plasmid DNA-protein relaxation complexes has facilitated the study of the nicking process in other plasmids. Many bacterial plasmids can be isolated in the form of a superhelical DNA-protein relaxation complex, including R factors and colicinogenic plasmids (7) (8) (9) . Upon treatment in vitro with detergents, proteases, or ethidium bromide, the supercoiled DNA is nicked in one strand and converted to the open circular form, a process called relaxation. In the case of the ColEl plasmid, the nick occurs at a specific site within a 320-bp region required in cis for transfer, the presumed oriT (10) . A 60,000-dalton protein remains covalently attached to the 5' end of the nicked strand and probably facilitates transfer to the recipient cell (11) (12) (13) . The ColEl plasmid is not self-transmissible and requires the presence of a conjugative plasmid in the same cell for mobilization during mating. However, study of the selftransmissible, broad host range IncP plasmid RK2 has revealed a similar property of the relaxation complex: the site-specific nicking event occurs within a 5-kilobase (kb) region of the plasmid that also contains oriT (14) . In this paper, oriT of RK2 is localized to a 760-bp region that coincides with the relaxation nick. The functional oriT is contained within a 112-bp fragment, and the DNA sequence of this region has been determined.
MATERIALS AND METHODS
Bacterial Strains and Plasmids. The E. coli strains used were HB101 (pro, leu, thi, lacY, strR, hsr-, hsm-, endoI-, recA), C600 Mu' (thr, leu, thi, SupE46, lacY, tonA), and HB101 naiR. The vector plasmid pDGV1 was derived from pMK2004 (15), a pBR322 derivative, by deletion of the HindIll fragment containing the tetracycline-resistance region and part of the kanamycin-resistance gene. pDGV1 is 2.7 kb in size and contains the pBR322 replicon and ampicillin-resistance gene but is missing the nic/bom site (oriT) of pBR322. RK2, pRK231, and pRK215.1 have been described (14) .
Plasmid DNA Methodology. The techniques for plasmid construction, mapping of restriction sites, and detection of relaxation complex have been described (14, 15) . All enzymes were from Bethesda Research Laboratories. Matings. The recombinant derivatives of pDGV1 to be tested for oriT function were transformed into HB101 containing pRK231, a tra+ derivative of RK2 with a Pst I deletion in the ,B-lactamase gene, rendering it penicillin sensitive. The donor strain was crossed with the recipient, HB101 nalR, by the filter mating technique as described (14) . Transfer of the pDGV1 derivative was selected on LB plates (14) with penicillin (200 ,ug/ ml) and nalidixic acid (25,ug/ml), whereas transfer of the pRK231 helper plasmid was detected on plates containing kanamycin (50 ug/ml) and nalidixic acid (25 jig/ml).
DNA Sequence Analysis. The end-labeling and chemicalcleavage method of Maxam and Gilbert was used (16) . The DNA sequence was read from 25% and 12% acrylamide sequence determination gels. RESULTS Cloning of oriT. The physical and genetic map of RK2 is presented in Fig. 1 . Previous results had located the site of the relaxation complex nick, rix, at 48 kb on the map, and genetic evidence showed that the 5-kb region surrounding this site was required in cis for transfer. Furthermore, the 10-kb region, from 46 to 56 kb, possessed RK2-specific oriT activity when cloned onto pBR322. To further localize the functional oriT within this 10-kb region, a number of deletions were generated. To avoid any extraneous oriT activity from the vector, the 10-kb region was cloned. onto pDGVl. This plasmid is a 2.7-kb derivative of pMK2004 (15) in which the pBR322 nic/bom site has been removed by a HindIl deletion. pDG4 was constructed by ligating the 12-kb EcoRI-HindIII fragment of pRK215.1 into the EcoRI and HindIII sites of pDGVl. As shown in Fig. 1, pDG4 contains the 10-kb region of RK2 previously shown to possess oriT activity. Deletions of pDG4 were generated by partial Hae II digestion, ligation, and transformation of E. coli C600 Mu' selecting for ampicillin resistance. The deletions were located Abbreviations: bp, base pair(s); kb, kilobase(s).
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. cation of the vegetative origin of replication, oriV, is from Meyer and Helinski (17) . The three tra regions are taken from -the Tn7 insertion map of RP4 (18, 19) , a plasmid closely related or identical to RK2 (20) . The site of the relaxation complex nick, rix, was mapped previously (14) .
The direction of transfer from the origin, oriT, is as described by Grinter (21) .
by reference to a Hae II map of pDG4. Two deletion derivatives of pDG4 are shown in Fig. 1 . pDG4A22 contains a 3-kb region surrounding rdx and a 1-kb region adjacent to the EcoRI site, whereas pDG4A27 contains only the Hae II fragment next to the EcoRI site. These recombinant plasmids were transformed into HB1O1 and tested for mobilization by the tra+ RK2 helper plasmid pRK231. pDG4 and pDG4A22 were transferred at high frequency, whereas pDG4A27 and the vector pDGV1 were transferred at low or below detectable levels ( (Fig. 2) . The fragment has four internal Hpa II sites, producing bilization is not dependent on oriT and occurs by cointegrate formation as a result of recA-dependent homologous recombination or as an intermediate in the transposition of an insertion element (23) . Fig. 4 shows the results of a plasmid DNA analysis of the donor, HB101 (a recA strain) containing both pRK231 and pEYDG59, and several HB101 naiR transconjugants selected for transfer of pEYDG59. Each transconjugant contains pEYDG59 in an unaltered form, making mobilization by recA-independent recombination very unlikely.
Sequence of the oriT Region. The nucleotide sequence of the 112-bp Hpa II D2 fragment was obtained by the Maxam and Gilbert technique (16) . The strategy for sequence analysis is shown in Fig. 3 . By separate end-labeling of the EcoRI and HindHI sites, the sequence of the entire 112-bp Hpa II insert was determined in both strands and is shown in Fig. 5 . The major structural feature of the sequence is the presence of a region of 2-fold rotational symmetry around bp 79 and 80. This inverted repeat extends for 19 bp in either direction and gives rise to a potential hairpin or cruciform structure with extensive intrastrand base pairing, as shown in Fig. 6 . There is an inner 7-bp perfect inverted repeat that is very G+C rich. In all, 16 of the 19 bases are able to form pairs in this potential hairpin structure, although steric constraints in the loop may not allow formation of the first G-C base pair in the inverted repeat (24) . This inverted repeat is the dominant structural feature of the sequence and comprises 40 of the 112 bases in the functional oriT. The sequence also contains a direct repeat of 12 bp, as indicated by the dotted lines in Fig. 5 . There are only two base changes in these repeats, and one direct repeat overlaps with the inverted repeat structure.
Presence of Relaxation Complex in Deletions of pDG4. In order to localize the coding regions for the relaxation complex proteins, pDG4 and its derivatives containing the rix site were ,T-C'--80 tested for relaxation complex formation (Table 1) . About 20% of pDG4 plasmids, isolated from Triton X-100-lysed cells, were relaxed by treatment with NaDodSO4. This level of relaxation complex is comparable to the 30% found for the RK2 parent plasmid (14) . Because the vector in pDG4 had been deleted for the pBR322 nic/bom site, this result indicates that pDG4 contains all of the-information necessary for the RK2 relaxation complex. However, no relaxation complex was detected for pDG4A22 and pDG5 (Table 1) , even though both of these plasmids still contain the rix site. This finding suggests that at least one component of the RK2 relaxation complex is encoded in the region of pDG4 that is missing in pDG4A22 (see Fig. 1 ).
DISCUSSION
oriT is the region of principle interest in studying the mechanism of plasmid DNA transfer during conjugation. The major biochemical events of DNA transfer occur at oriT, including nicking of the closed circular DNA, conduction of the single strand from donor to recipient, initiation of conjugal DNA synthesis, and recircularization in the recipient. The results pre- Biochemistry: Guiney and Yakobson sented in this study show that the functional RK2 transfer origin is contained in a 112-bp DNA fragment. This region fulfills genetic criteria for an origin of transfer including: (i) the oriT site is required in cis for transfer; (ii) oriT confers high-frequency mobilization when the conjugation system is supplied in trans; (iii) high-frequency mobilization by the helper plasmid is recA independent; and (iv) cointegrate formation is not involved in mobilization. The 760-bp Hae II oriT fragment in pDG5 increases the mobilization frequency of the vector, pDGV1, by a factor of 105 (Table 1) , whereas the 112-bp Hpa II oriT region raises the transfer frequency by 103. This transfer is not due to homologous recombination because all the matings were done in a recA strain. In addition, previous studies showed that even large derivatives of RK2, containing extensive regions of homology, are not mobilized in a recA strain if they are missing the oriT site (14) . Transfer of nonconjugative plasmids also can occur by cointegrate formation during the recA-independent transposition of an insertion element. When the cointegrate is resolved in the recipient, the mobilized plasmid contains a copy of the insertion element or transposon (23) . This form of transfer is not dependent on the presence of oriT or mobilization functions in the nonconjugative plasmid. However, such a transfer process was ruled out for pEYDG59 mobilization by the data in Fig. 4 : all the transconjugants contained pEYDG59 in an unaltered form. Finally, previous results have shown that high-frequency mobilization of plasmids containing the RK2 oriT region is specific for the RK2 transfer system, in that Flac and R64drd 11 do not mobilize the RK2 oriT (14) . These results show that the oriT sequence on pEYDG59 interacts in trans with the RK2 conjugation system on pRK231 to promote highfrequency transfer of pEYDG59.
The dominant feature of the oriT sequence is a 19-bp inverted repeat, which could form a potential cruciform structure in the double-stranded supercoiled molecule or a hairpin structure in single-stranded DNA (Fig. 6) . Cruciform structures may function as recognition sites for proteins, and the inverted repeat in oriT could form the binding site for the RK2 relaxation complex proteins. The supercoiling of plasmid DNA favors the formation of cruciform structures (26) , and inverted repeats of only 9 bp in pBR322 have been detected by the S1 nuclease cleavage assay (27) . Alternatively, the hairpin depicted in Fig.  6 could form in the single-stranded DNA during transfer and provide a secondary structure that interacts with the mating apparatus during conduction of the DNA from donor to recipient.
Studies of the ColE1 and R6K plasmids also have correlated the site of the relaxation complex nick with the functional origin of transfer. The DNA sequence around the ColE 1 relaxation complex nick site is known (28) , and this site coincides with the 320-bp basis of mobility, or bom region, which is required in cis for transfer (10) . Further mapping by deletions has located bom within a 141-bp Hha I fragment, which presumably constitutes the ColEl oriT (29 (31) . The R6K sequence shares a 34-bp region of homology with the ColEl and pBR322 nic/bom sites. These results led Shafferman and Helinski to propose a consensus sequence for the oriT regions of ColEl, pBR322, and R6K. This consensus sequence is not present in the 112-bp oriT fragment of RK2. Furthermore, low-stringency hybridizations by the Southern blot technique have failed to reveal homology between the 760-bp RK2 Hae II oriT fragment and ColEl, pBR322, R6K, or F (data not shown). This lack of homology is not surprising because the latter plasmids all have a narrow host range and are found mainly in E. coli or related enteric bacteria, whereas the host range of RK2 is very broad and includes many gramnegative organisms. The identification and characterization of the RK2 oriT region will facilitate the use of the broad host range conjugative properties of RK2 for genetic manipulation in a variety of bacterial hosts.
